Introduction
Testing on ferrous and non-ferrous materials has been widely carried out to study their erosion resistance. Venkataraman & Sundararajan [1] conducted a study about the solid particle erosion of copper at a range of low impact velocities. In this particular case, the eroded surface was completely covered with the erosion debris in the form of flakes or platelets. These flakes appeared to be completely separated or fractured from the material surface and were flattened by subsequent impacts. For this reason, it was concluded that at low impact velocities the erosion damage was characterized mainly by lip or platelet fracture whereas it was distinguished with lip formation (rather than its subsequent fracture) at higher impact velocities.
Additionally, studies on the erosion behaviour of AISI 4140 steel under various heat treatment conditions was investigated by Ambrosini & Bahadur [2] . In this work, the investigation was concentrated on the effect of various microstructures and mechanical properties on the erosion resistance. A constant velocity of 50 m/s was used for all the erosion tests. The target was impacted at an angle of 30º to the specimen surface, the particle feed rate was 20 g/min, SiC particles, 125 µm in size, were used as the abrasive. From the results, it was concluded that erosion rate increases with increasing hardness and ultimate strength, but decreases with increasing ductility. In this particular work, the heat treatment with the optimum combination of erosion resistance and mechanical properties was oil quenching followed by tempering in the temperature range 480-595 ºC for 2 h. In addition, SEM studies presented severe plastic deformation in the eroded zones together with abrasion marks, indicating that material subjected to erosion initially undergoes plastic deformation and is later removed by abrasion.
Harsha & Bhaskar [3] carried out research to study the erosion behaviour of ferrous and non-ferrous materials and also to examine the erosion model developed for normal and oblique impact angles by Hutchings [4] . The materials tested were aluminium, brass, copper, mild steel, stainless steel and cast iron. They determined from the SEM studies that the worn surfaces had revealed various wear mechanisms such as microploughing, lip formation, platelet, small craters of indentation and microcracking.
In addition to these studies, Morrison & Scattergood [5] carried out erosion tests on 304 stainless steel. In this work, it was concluded from the SEM observations that similar morphologies for low and high impact angles could be observed in ductile metals when they were subjected to the impact of sharp particles. The surfaces displayed a peak-andvalley topology together with attached platelet mechanisms. In addition, the physical basis for a single-mechanism to erosion in ductile metals was considered to be related to shear deformations that control material displacement within a process zone for a general set of impact events producing at all impact angles. These events included indentation, ploughing and cutting or micromachining. In respect to the effect of the erodent particle shape on solid particle erosion, Hutchings showed differences in eroded surfaces due to a shape particle effect [6] . It was observed that the shape of abrasive particles influences the pattern of plastic deformation around each indentation and the proportion of material displaced from each indentation, which forms a rim or lip. More rounded particles led to less localized deformation, and more impacts were required to remove each fragment of debris.
Liebhard & Levy [7] conducted a study related to the effect of erodent particle characteristics on the erosion of 1018 steel. Spherical glass beads of four different diameter ranges between 53-600 µm and angular SiC of nine different diameter ranges between 44-991 µm were the erodents. The particle velocities were 20 and 60 m/s, an impact angle of 30º was used to conduct all the tests and the feed rate was varied from 0.6 to 6 g/min. The results showed that there was a big difference in the erosivity of the spherical and angular particles as a function of particle size. Angular particles generally were an order of magnitude more erosive than spherical particles. In addition, the erosivity of spherical particles increased with particle size to a peak and then decrease at even larger particle sizes. In respect to angular particle erosivity, it was increased with particle size to a level that became nearly constant with size at lower velocities, but increased continuously at higher particle velocities. Lower flow rates caused more mass loss than higher flow rates for both spherical and angular particles.
In this work, the performance of different metallic materials has been analyzed. The aim of this experimentation was essentially to know the behavior of these materials against solid particle erosion and compare their erosion resistance. In addition, the functionality of both, the rig and the velocity measurement method was evaluated.
Experimental details

Specimens
The materials employed to conduct the tests were 4140 and 1018 steels, stainless steel 304, 316 and 420, aluminium 6061, brass and copper. The test surface of each specimen was ground using SiC emery paper grade 1200. The average roughness (Ra) in each specimen before testing was 1 m. The samples had a rectangular shape with dimensions of 50 x 25 mm 2 and 3 mm in thickness. The abrasive particle used was silicon carbide (SiC) of an angular shape, as seen in Figure 1 , with a particle size of 420-450 µm [8] . Table 1 presents the chemical composition of the materials used in the erosion tests whereas Table 2 shows the hardness of the materials. Microhardness values were obtained by calculating an average value, 10 different points were measured. The applied load was 100gf. 
Test procedure
The apparatus used to carry out the erosion tests is similar to that presented in the ASTM G76-95 test standard [8] [9] [10] . Figure 2 shows a schematic diagram of the rig that was developed. In this device, the particles of silicon carbide (SiC) were accelerated from a nozzle by using a compressed air stream that caused them to impact the surface of the material.
The materials were eroded in a time period of 10 min, although each sample was removed every 2 min to determine the amount of mass lost. The specimen holder could be rotated to be impinged at different incident angles (30º, 45º, 60º, 75º and 90º). These angles were selected to evaluate the materials at both low and high impact angles and to determine if the behavior of these materials was similar to the conventional materials that were used in other erosion studies [1] [2] [3] [4] . A particle velocity of 24 ± 2 m/s and a constant abrasive flow rate of 0.7 ± 0.5 g/min were used to reduce the effects of interaction between the incident particles and the rebounding particles. The reduction of this effect was usually accomplished at lower impact angles such as 30° and 45°, where the abrasive particles commonly impacted the material, slid along the surface, and then fell away. However, a greater level of interaction between the particles was observed at 90°. The measurements of particle velocity were carried out by using an opto-electronic system.
In all of the tests, specimens were located 10 ± 1 mm from the end of the glass nozzle. The nozzle had the following dimensions: a 4.7 mm internal diameter, a 6.3 mm external diameter and 260 mm length. The room temperature was between 35 and 40º C. The specimens were weighed using an analytical balance with an accuracy of ± 0.0001 g, before the start of each test and were removed every 2 min, cleaned in an ultrasonic cleaning device using ethanol and weighed again to determine the mass lost. Subsequently, micrographs of eroded surfaces were obtained using a scanning electron microscope (SEM) to analyze and identify the possible wear mechanisms involved. 
Velocity measurement method
The particle velocity was measured with an opto-electronic flight-timer similar to that described by Kosel and Anand [11, 12] . This system offers the possibility to measure the particle velocity in an accurate mode and the design does not request high costs. It is practical and flexible in relation to the equipment that can be used to conduct the measurements, for instance, the oscilloscope, the emitters and detectors, etc. It must be mentioned because other equipment such as a high speed camera are expensive and result more difficult to obtain them to conduct a research project. The uncertainties of this particular system are that the measurements are not as consistent as expected. In certain cases, it is necessary to use more abrasive particles to obtain a signal and finally to complete the measurement process. In this specific work, several air pressures, from 0.35 kg/cm 2 (5 psi) to 3.86 kg/cm 2 (55 psi) were used to conduct the tests. It was concluded that a higher pressure and therefore a higher particle velocity gave better results. Due to this fact, 3.86 kg/cm 2 (55 psi) equivalent to 24 ± 2 m/s was the value chosen to carry out the erosion tests. Signals more consistent and clear were obtained using this particle velocity.
The velocity measurement method is mainly composed of two infra-red emitters and detectors held by a rectangular plastic block as observed in the schematic diagram in Figure  3a . A few abrasive particles pass through a glass tube attached at the end of the nozzle and are recognized by both light beams producing the signals that are processed through an amplification system connected to an oscilloscope. It is possible to determine the real time travelled by a few abrasive particles using the two signals, 1 and 2. The standard distance between signals was 10 ± 1 mm. Flight time data were continuously collected and stored. An average particle velocity was reached after 20 measurements. The set-up developed is shown in Figure 3b . As observed, the infra-red emitters were set on each side to ensure that most of the abrasive particles were monitored when passing through the glass tube. Finally, an example of the signals received directly in the oscilloscope is presented in Figure 3c .
Test results
Wear mechanisms
In Figure 4 , it is possible to observe the wear scars obtained for all the tested materials at different incident angles. The wear scar area is reduced as the impact angle is increased. It has an elliptical shape at 30 and 45º whereas a roughly circular shape is observed at 60º and 90. This can be related to the impact geometry which modifies the orientation of the specimen when it is positioned at different incident angles. In the schematic diagram shown in Figure 5a and b, A, represents the wear scar independently of the halo effect distinguished by the dashed lines. Due to this fact, the wear scar commonly shows an elliptical shape at incidence angles lower than 45º due to a higher divergence of the particle stream. A circular shape is often observed at higher impact angles near or at 90º as observed commonly in other erosion studies [13] [14] [15] [16] [17] . In both cases, the plume of abrasive particles is concentrated in the central part of the stream. All materials showed clearly the halo effect [18] , mentioned above, which is represented by a secondary erosion damage zone. The estimated area of the erosive scars including the halo effect is presented in photographs in Figure 4 . Figure 6a-j present the wear mechanisms involved in this study on 4140 and 1018 steel and stainless steels 304, 316 and 420. In respect to AISI 4140, larger craters are clearly seen on the surface at 30° with some wear debris inside, whereas a more roughened surface is observed at 90°. AISI 1018 exhibited cracks located at random positions and also pitting action was seen on the surface at 45°. On the other hand, stainless steels 304, 316 and 420 showed pitting and ploughing action, irregular indentations, scratches and smeared wear debris at 30° and 45° whereas fragments of abrasive particles embedded or smeared on the surface were clearly seen at angles near or at 90°.
Photographs shown in Figure 7a -present the damage incurred on 6061 aluminium, copper and brass at different incident angles. Figure 7a shows the worn surface of aluminium; particles of aluminium debris and lips around the craters smeared by subsequent impacts of abrasive particles are observed as in other erosion studies [19] [20] [21] [22] [23] . Also, craters, pitting and striations are observed on the specimen surface. The reduction in mass loss at higher impact angles, near or at 90º, is because there was not too much evidence of sliding action of abrasive particles unlike lower impact angles where the sliding component is significant and increases the mass lost in the material. In addition, although a low particle velocity and abrasive flow rate were used to conduct the experiments, a higher interaction between incoming and rebounding particles in the region between the nozzle and target was seen since this phenomenon is normally increased at higher impact angles (α > 45º) as mentioned in previous studies conducted by other investigators [24] [25] [26] . The wear damage was characterized by a higher plastic deformation in the central part (primary erosion area). Small pits and craters of up to 50-70 µm in size were observed. A common occurrence characterized by grooves with material piled up to the sides due to the ploughing action of the particles was observed in brass ( Figure 7b) . The lips at the sides of the grooves had been flattened due to successive impacts of the erodent particles as exhibited in other studies on metallic materials. In the particular case at 45º (low impact angle), the sliding component played an important role in increasing the mass loss significantly, generating a ploughing action as commonly seen in previous erosion studies. Also, it was possible to see a pitting action which was thought to occur due to abrasive particles that only indented and did not slide on the material surface. Additionally, there is evidence of material separated in form of flakes and elongated parts that were flattened on the copper surface by the subsequent battering of the abrasive particles (Figure 7c ) as presented in other erosion experiments [1] [2] [3] [4] . Table 3 presents the results obtained of the mass loss at all the incident angles. Additionally, Figure 8 displays a graph of the total erosion rate against the impact angle, where most the erosion rates increases as the angle of impact was decreased. The total erosion rate was obtained by dividing the total mass loss after 10 min of each tested material by the total mass of the erodent hitting the specimen after this time. Most the materials displayed a ductile behaviour as their maximum erosion rate was reached at 30º and 45º and reduced considerably near or at 90º. It is assumed that this initial increase is because of a first group of particles that caused a cutting action on the material surface. In this particular case, the sliding component normally observed at lower impact angles caused severe problems. AISI 304 and 316 exhibited the poorest erosion resistance in comparison with all the tested materials. This behavior was not expected, however the results are very clear. In fact, the maximum erosion rate in these particular cases was reached at 60°, which is not common. Generally, in previous erosion studies on stainless steels, the higher erosion rates are seen at lower impact angles (α ≤ 45°). It is assumed that the room temperature could be a significant fact to modify the performance of these stainless steels. On the other hand, AISI 420 exhibited a normal behavior, showing its maximum erosion rate at 30°. Table 3 . Mass loss at different incident angles
The behavior observed in most materials used to conduct this study was as expected because these typically display a maximum erosion rate at lower incident angles and the damage is significantly reduced as the impact angle is increased. It is assumed that the materials used in this study exhibited ductile type behavior. This trend is commonly seen in the graphs used in previous erosion studies, as illustrated in Figure 9 [4]. 
Conclusions
 Aluminium 6061 was the material that exhibited the higher erosion resistance whereas stainless steels 304 and 316 showed the poorer performance against this wear process. It was assumed that the room temperature could have affected the behavior of these materials.  Most the tested materials exhibited a ductile type behavior due to their maximum erosion rate was reached at lower impact angles (30° and 45°). The erosion rate was considerably decreased at higher incidence angles (60°, 75° and 90°). Stainless steels 304 and 316 had higher erosion damage at 60°.  Typical wear mechanisms such as ploughing and pitting action, irregular indentations, scratches, craters, embedded abrasive fragments, smeared wear debris on the surfaces and brittle fracture characterized by cracks located at random positions were observed in this particular study.

The wear scars were characterized by an elliptical shape at 30° and 45°, which is a characteristic feature when the specimens are impacted at low-impact angles (α ≤ 45°), whereas a nearly circular shape was observed at 60° and 90°. 
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